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, members of the viral family Filoviridae, cause fatal hemorrhagic fevers in humans and nonhuman primates. High viral burden is coincident with inadequate adaptive immune responses and robust inflammatory responses, and virus-mediated dysregulation of early host defenses has been proposed. Recently, a novel class of innate receptors called the triggering receptors expressed in myeloid cells (TREM) has been discovered and shown to play an important role in innate inflammatory responses and sepsis. Here, we report that MARV and EBOV activate TREM-1 on human neutrophils, resulting in DAP12 phosphorylation, TREM-1 shedding, mobilization of intracellular calcium, secretion of proinflammatory cytokines, and phenotypic changes. A peptide specific to TREM-1 diminished the release of tumor necrosis factor alpha by filovirus-activated human neutrophils in vitro, and a soluble recombinant TREM-1 competitively inhibited the loss of cell surface TREM-1 that otherwise occurred on neutrophils exposed to filoviruses. These data imply direct activation of TREM-1 by filoviruses and also indicate that neutrophils may play a prominent role in the immune and inflammatory responses to filovirus infections.
, members of the family Filoviridae, are best known as causative agents of acute hemorrhagic fevers, with viruses in both the Marburg virus and Ebola virus genera responsible for mortality rates of up to 88% in outbreaks involving hundreds of persons (4, 9, 41, 43) . Subversion of the innate immune system appears to be among the factors in the profound virulence of these viruses in humans and other primates. Evidence includes the observation that markers of early innate and adaptive responses were lacking in EBOV patients for whom the infection would ultimately prove fatal, whereas survivors had detectable virus-specific immunoglobulin M, along with transient elevations in interleukin-6 (IL-6), IL-1␤, tumor necrosis factor ␣ (TNF-␣), and other cytokines (1, 2, 28) . Mechanistic correlates have included the observation that monocytes and dendritic cells (DC) are among the first to be infected by filoviruses in nonhuman primates (NHP) (16, 38) . Moreover, one of the filoviral proteins (VP35) has been shown to be an interferon antagonist (3, 5) and dysfunctions of DC occurred upon their infection with filoviruses (5, 29) , cumulatively suggesting direct negative impact on innate immunity and indirect diminution of adaptive immunity (5) .
Dysregulation of inflammation is also suggested as a factor in filoviral pathogenesis. In terminal stages of disease, high viral burden in blood and organs coincides with vascular leakage and what has been called a "cytokine storm." Some of this is attributed to the infection of monocytes and macrophages, which, unlike DC (5, 29) , respond to filoviral infection by producing proinflammatory cytokines (13) . Clinically, increases and shifts in neutrophils have been observed during disease (14, 30) . In one set of studies (44) , it was asserted that it was not the membrane-bound and virionassociated form of the viral glycoprotein (GP) that interacted with neutrophils but rather the soluble variant of EBOV GP (sGP), a finding called into uncertainty (31) and not necessarily pertinent to MARV, in which no sGP form is known (42) . Thus, our investigations of the decisive early events of filoviral infection, when innate and adaptive immunity appear to be subverted and overwhelmed, and the later events of infection, when inflammation appears to exacerbate disease, led us to an examination of neutrophils as one of the pivotal cell types in these processes.
Polymorphonuclear neutrophils (PMN) constitute a major fraction of blood leukocytes and a critical arm of host defense. Upon activation, PMN migrate to inflamed sites, where they internalize and eradicate invading pathogens through an arsenal of cytotoxic agents in preformed granules. Activated neutrophils produce inflammatory cytokines, chemokines, cytolytic granules, and reactive oxygen intermediates and phagocytose infected cells (15, 24, 25, 39) . Of the several neutrophil effector functions newly identified (8, 12, 26, 27, 32) , one recent discovery is the presence of a receptor expressed on neutrophils, the triggering receptors expressed in myeloid cells (TREMs). TREMs are an emerging class of immunorecognition receptors encoded in a cluster on chromosome 6 in humans (6, 10) . These receptors are capable of regulating various immunological events in both innate and adaptive immune cells, particularly neutrophils. TREM-1 has been implicated in the amplification of septic shock by enhancing the Toll-like receptor (TLR)-mediated production of proinflammatory cytokines (7, (6, 10) . Here, we studied directly the in vitro interaction of human neutrophils with MARV and EBOV. We report that although productive filovirus replication was not observed in human neutrophils, these cells rapidly activated TREM-1 molecules and the transient tyrosine phosphorylation of its adaptive receptor DAP12, mobilized intracellular calcium, and induced the production of proinflammatory cytokines (e.g., tumor necrosis factor alpha [TNF-␣]), which were significantly downregulated by a specific peptide derived from TREM-1.
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MATERIALS AND METHODS
Human neutrophil isolation. Enriched human neutrophils from healthy donors were isolated as described previously (15, 24, 25, 39) . Briefly, neutrophils were purified from EDTA anticoagulated venous blood by centrifugation on a Histopaque gradient and dextran sedimentation following removal of erythrocytes by hypotonic water lysis. Isolated neutrophils were then washed with phosphate-buffered saline (PBS) and resuspended in Hank's balanced salt solution (HBSS) with Ca 2ϩ /Mg 2ϩ (Biosource, Camarillo, CA) for use in the various experiments. The purity of neutrophils was typically more than 98% as determined by flow cytometry using anti-CD67 antibody.
Viruses used. MARV is a single species taxonomically (Lake Victoria marburgvirus), but considerable variation has been observed among different isolates. The Musoke and Ravn isolates (indicated as MARV Musoke and MARV Ravn ), which are 22% nonidentical in the derived amino acid sequences of their GPs, were as described previously (22, 23) . We obtained a variant called Ci67 (MARV Ci67 ) from Werner Slenczka and Stephan Becker; this virus was isolated in Marburg, Germany, during the first MARV outbreak (41) , has the same GP amino acid sequence as the more familiar Popp variant obtained in Frankfurt during the same outbreak, and differs from the Musoke isolate by 7% in its GP. Unless otherwise noted, the EBOV used in these studies was Zaire ebolavirus (strain Kikwit, 1995), provided by Peter Jahrling (16) . In a few studies, where noted, we included Reston ebolavirus, provided by Peter Jahrling and Thomas Geisbert. For experiments with inactivated virus, the viruses were concentrated by centrifugation, resuspended, and further purified by centrifugation on an isopycnic sucrose gradient before irradiation (10 million rad, 60 Co source) and safety testing; the irradiation not only guaranteed complete inactivation of infectivity (22) but also was in sufficient excess to result in an absence of new antigen synthesis by Vero cells, as measured by indirect immunofluorescence in cells exposed 10 to 14 days earlier at high particle/cell ratios (these observations are part of the safety testing). Inactivated viruses were removed from sucrose by resuspension in lipopolysaccharide (LPS)-free phosphate-buffered saline (PBS), ultracentrifugation, and resuspension to the original volume. The inactivated viruses represented approximately 100-fold concentrations by volume and titer compared with live virus supernatants. Where alphaviruses such as Venezuelan equine encephalitis virus (VEEV) were used as nonfilovirus controls, the viruses to be inactivated were prepared, sucrose gradient purified, and inactivated in a manner similar to that for MARV and EBOV (36) .
Infection of human neutrophils with viruses. All live and gamma-irradiated virus stocks used in our studies were analyzed by a Limulus amoebocyte lysate assay for endotoxin content and found to contain Ͻ0.03 IU of endotoxin/g total protein (Bio Whittaker, Walkersville, MD). Neutrophils were treated at a multiplicity of infection (MOI) of 1 with MARV Ci67 , MARV Musoke , MARV Ravn , EBOV Zaire , or EBOV Reston . All experiments using live viruses were conducted in biosafety level 4 laboratories at the U.S. Army Medical Research Institute for Infectious Diseases. Briefly, neutrophils (1 ϫ 10 6 to 5 ϫ 10 6 ) or Vero cells as control cells were incubated with filoviruses. After 1 h at 37°C in a 5% CO 2 incubator, the unadsorbed viruses were washed, and neutrophils or Vero cells were resuspended in fresh HBSS with Ca 2ϩ /Mg 2ϩ or complete Eagle minimum essential medium. Cell supernatants were removed after 6, 24, and 48 h and evaluated for viral titer by plaque assay (22) . Activation of human neutrophils by filoviruses. Neutrophils were treated with inactivated (1 g/100 l) or live (MOI ϭ 1) filoviruses as indicated for 1 or 6 h. For inactivated viruses, the 1-g/100-l concentrations used for neutrophil treatment were determined by empirical titration as shown in Results. By inference from preinactivation infectivity titers (see above), we estimated that the 1 g of inactivated virus used in most experiments contained the equivalent of approximately 10 7 PFU, such that the number of filovirus PFU equivalents used per cell in the inactivated preparations was approximately 2-to 10-fold higher than that used with live virus treatments at an MOI of 1 (variations depending on cell numbers). We note that for live viruses, the particle/PFU ratio for filoviruses has been estimated previously at around 30 (17) . VEEV was used as a control in all experiments.
Flow cytometry. Human neutrophils (1 ϫ 10 6 to 2 ϫ 10 6 ) were placed in a V-bottom 96-well plate and stimulated with either live or inactivated virus as described above. At the end of each incubation, cells were washed and subsequently stained with CD11b-fluorescein isothiocyanate (FITC), CD45-FITC, CD67-FITC (Biosource, Camarillo, CA), CD18-FITC (Dako, Carpinteria, CA), CD62L-FITC (BD Biosciences, San Diego, CA), and TREM-1 phycoerythrin (PE) (R&D, Minneapolis, MN). All samples were analyzed by a laser FACSCalibur (BD, La Jolla, CA). DAP12 phosphorylation. Phosphorylated DAP12 was detected by Western blotting as previously described (6) . Briefly, human neutrophils (10 7 /100 l of HBSS with Ca 2ϩ /Mg 2ϩ ) were incubated with inactivated MARV Ci67 (iMARV Ci67 ) (1 g/100 l) or iEBOV Zaire (Sigma, St. Louis, MO) was used as a positive control (300 ng/100 l). The membranes were then probed with a secondary anti-rabbit-HRP (MP Biomedicals, Irvine, CA). Membranes were then stripped and reprobed with an anti-␤-actin (Chemicon, Temecula, CA). Chemiluminescence was detected according to the manufacturer's instructions. Calcium flux assay. Freshly isolated neutrophils (5 ϫ 10 6 /ml) were resuspended in HBSS with Ca 2ϩ /Mg 2ϩ with 1% fetal calf serum in a light-blocked container and loaded with 2.5 g/ml of Fluo-4AM, 5 g/ml of Fura-2AM, and 0.5% pluronic acid (Molecular Probes, Eugene, OR) for 30 min at 37°C. Cells were then washed twice in ice-cold HBSS with Ca 2ϩ /Mg 2ϩ before being resuspended at 10 7 cells/ml in cation-supplemented HBSS with Ca 2ϩ /Mg 2ϩ . Cells were then diluted 1:10 in 37°C supplemented HBSS with Ca 2ϩ /Mg 2ϩ just prior to use. Neutrophils were stimulated with inactivated viruses as described above followed by ionomycin to establish maximum flux. Ratiometric data were collected on a FACSCalibur (BD Systems, La Jolla, CA) and then analyzed using FACS Press (Ray Hicks) and Excel (Microsoft, Redland, WA).
Confocal microscopy. Confocal microscopy was conducted as previously described (34) . Briefly, neutrophils were stimulated with live (MOI ϭ 10 to 100) or inactivated (1 g/100 l) MARV Ci67 for 6 h at 37°C. Cells were washed and fixed with 1% formaldehyde. Treated and untreated neutrophils were permeabilized with 1% Triton X. Fluorescent markers used included 5D7 Alexa 568 antibody against MARV GP (22) , phalloidin Alexa 488, Hoechst dye (Molecular Probes, Eugene, OR), and anti-TREM-1 Alexa 488. Stained cells were then visualized with a Bio-Rad 2000 MP confocal multiphoton system attached to a Nikon TE300 inverted microscope. To compare cells in the presence and absence of MARV exposure, image acquisition and subsequent contrast enhancement were performed identically for the two conditions.
ELISA. Neutrophils ( 10 7 ) were stimulated with either live or inactivated filoviruses as described above for 1 or 6 h at 37°C. Supernatants and cell lysates were separately assayed by enzyme-linked immunosorbent assay (ELISA) kits for IL-1R antagonist (IL-1Ra), IL-6, IL-12, IL-17, TNF-␣, macrophage inflammatory protein 1␣ (MIP-1␣), MIP-1␤ (Biosource, Camarillo, CA), IL-8, RANTES, soluble TREM-1, anti-TREM-1 (R&D Systems, Minneapolis, MN), IFN-␣, and IL-1␤ (Endogen, Rockford, IL) according to manufacturers' instructions. Cell culture supernatants were assayed for myeloperoxidase (MPO) and lactoferrin (OXIS, Portland, OR). For some cytokines (e.g., IL-1␤ and TNF-␣) found in greatest abundance in cytoplasmic granules, virus-activated or nonactivated cells were lysed for cytokine measurement (24) . Quantitative data are presented as average concentrations in units/ml. To detect soluble TREM-1 (sTREM-1), supernatants were added to an anti-TREM-1-coated, 1% bovine serum albuminblocked polystyrene ELISA plate for 2 h. A recombinant human TREM-1 (R&D Systems, Minneapolis, MN) was used to generate a standard curve. Each incubation step was followed by five washes in PBS plus 0.1% Tween 20. Detection of captured TREM-1 was facilitated by 400 ng/ml of rabbit anti-TREM-1 biotin (R&D Systems, Minneapolis, MN) antibody. Streptavidin-HRP (R&D Systems, Minneapolis, MN), diluted 1:200, was then added, and samples were incubated for 20 min. For development, the two-component 3,3Ј,5,5Ј tetramethyl benzidine substrate system was used (Pierce, Rockford, IL). The reaction, which was allowed to proceed for 20 min, was halted with a stop solution and read at 450 nm on a UVmax spectrophotometer.
Inhibition of proinflammatory cytokines by TREM-1 peptide. The inhibition of proinflammatory responses induced by septic shock was described previously (20) . Briefly, neutrophils were pretreated with a 17-mer TREM-1 binding peptide (100 ng/ml) called LP17 or a sequence-scrambled control (20) for 10 min. Subsequently, cells were incubated with live or inactivated filoviruses as described above for 6 h at 37°C. Supernatants were then harvested and the cells were lysed. Proinflammatory cytokines in the supernatants and cell lysates were assayed by ELISA.
GP binding to TREM-1. To assess the possible binding of GP to TREM-1, MARV Ci67 GP or nucleoproteins (NP) (as a control) were expressed in Vero cells by using a Venezuelan equine encephalitis replicon system as described previously (23) . Briefly, Venezuelan equine encephalitis replicons were packaged into viral replicon particles (VRPs) (37) . The resulting VRPs, capable of onestep infection, along with expression of MARV Ci67 GP or NP, were purified and titrated by immunofluorescence (37) . Replicons were used to infect Vero cells (MOI ϭ 5). Vero cells expressing MARV Ci67 GP or NP and mock-infected cells were then harvested and subsequently pretreated with TREM-1 Fc fusion protein (FP) (100 ng/ml; R&D Systems, Minneapolis, MN) for 1 h at 4°C. Cells were washed, stained with anti-TREM-1 PE or an isotype-matched control, and analyzed by a FACSCalibur. Moreover, inhibiting the binding of filoviruses to neutrophils was also performed on neutrophils. Briefly, iMARV Ci67 (1 g/100 l) was incubated with TREM-1 Fc FP (100 ng/ml) for 30 min at 4°C. Subsequently, neutrophils were incubated with MARV Ci67 or MARV Ci67 -TREM-1 FP for 6 h at 37°C. Treated and untreated neutrophils were then washed, stained with anti-TREM-1 PE antibody, and analyzed by a FACSCalibur.
RESULTS
Adsorption and internalization of filoviruses by human neutrophils.
Because of the relatively short life span of neutrophils (40), we did not expect filoviruses to productively infect these cells. Nevertheless, we examined this possibility and confirmed no productive viral replication in human neutrophils exposed to live MARV or EBOV (MOI ϭ 1), as measured by plaque assay of supernatants 1, 6, 24, or 48 h postinfection; in contrast, parallel culture of Vero cells produced 100-to 1,000-fold increases in viral titers (data not shown). Similarly, quantitative RT-PCR did not indicate viral replication in neutrophils (data not shown). However, adsorption and uptake of viral antigen by neutrophils was demonstrable by confocal microscopy at 6 h after addition of either inactivated or live MARV Ci67 (Fig. 1) . Thus, human neutrophils bound and internalized viral antigen and presumptively ingested whole viral particles but did not produce new virus in vitro. Engagement of TREM-1 and human neutrophil activation. It was previously shown that engagement of TREM-1 with a stimulus (e.g., E. coli LPS) delivers activation signals, which in turn induce cytokines and chemokines in synergy with (or without) TLR stimulation (7, 21) . Accordingly, we examined TREM-1 expression after neutrophil interaction with endotoxin-free live or inactivated filoviruses. Data showed that TREM-1 was down-regulated from the surfaces of neutrophils within 1 h (not shown) and 6 h of live ( Fig. 2A) or inactivated ( Fig. 2A and B) filovirus interaction. Additionally, we observed that TREM-1 down-regulation corresponded with the timeframe of neutrophil-filovirus interaction (Fig. 2C ) and was dose dependent (Fig. 2D) . Importantly, similarly prepared alphavirus controls (e.g., VEEV) did not induce any TREM-1 phenotype change on neutrophils ( Fig. 2A) . Moreover, it was demonstrated in other systems that TREM-1 activates downstream signaling cascades in association with its adaptor protein DAP12 (6) . Here, in response to exposure to inactivated filoviruses (e.g., iMARV Ci67 and iEBOV Zaire ) or the positive control pervanadate, DAP12 was activated in neutrophils as indicated by its transient tyrosine phosphorylation (Fig. 3A) . Consistent with the involvement of TREM-1/DAP12 in the filovirus-mediated neutrophil stimulation, activation of ERK1/2 following exposure to iMARV Ci67 or iEBOV Zaire was observed (Fig. 3B) . Furthermore, analysis of intracellular calcium ([Ca 2ϩ ] i ) mobilization clearly showed that filovirus activated-neutrophils mobilized [Ca 2ϩ ] i instantaneously upon the addition of filoviruses (Fig. 3C) . As seen in Fig. 3C , VEEV did not induce [Ca 2ϩ ] i in neutrophils (Fig. 3C ). Soluble TREM-1. Previously, sTREM-1 was shown to be significantly elevated in plasma or bronchial lavage fluids of patients with bacterial sepsis (18) (19) (20) . Here, sTREM-1 was shed at elevated levels in the supernatants of neutrophils incubated with live or inactivated filoviruses (Fig. 4) . VEEV as a control did not induce sTREM-1 in neutrophils (Fig. 4) .
Filovirus-associated cytokine secretion and phenotypic changes. It is well documented and affirmed by positive controls in our experiments (not shown) that binding of TREM-1 to microbial stimuli (e.g., E. coli LPS) amplifies proinflammatory cytokines and chemokines in activated cells (6, 7) . Similarly, human neutrophils exposed to live or inactivated MARV or EBOV within 1 h (not shown) and 6 h produced high levels of IL-1␤, TNF-␣, IL-6 (Fig. 5A) , IL-8, MIP-1␣/␤ (Fig. 5B) , MPO, and lactoferrin ( Fig. 5C ) but not IFN-␣, IL-17, IL-12, TGF-␤, or RANTES (not shown). Interestingly, neutrophils expressed IL-1Ra constitutively, and this was not affected after incubating these cells with various live or inactivated filoviruses (Fig. 5A) . Additionally, neutrophils exposed to live or inactivated filoviruses displayed significant upregulation of CD11b, CD18, CD45, and CD67 and down-regulation of CD62L within 1 h (data not shown) and 6 h (Fig. 6 ). In contrast, treatment with VEEV did not induce any cell surface changes or cytokine production by human neutrophils (not shown). Inhibition of inflammatory responses by TREM-1 peptide. It has been shown that a synthetic peptide called LP17, mimicking a conserved domain of the soluble form of TREM-1, inhibits inflammatory responses in vivo and in vitro (20) . Here, treating neutrophils with LP17, but not the control, abrogated the production of TNF-␣ and IL-1␤ that was otherwise induced upon interaction of these cells with live (Fig. 7A) or inactivated (Fig. 7B ) MARV Ci67 and EBOV Zaire .
TREM-1 binding to MARV GP. The engagement of TREM-1 by filoviruses and subsequent neutrophil activation could be due to direct binding between TREM-1 and GP, the only viral protein known with certainty to be available on virion surfaces, or possibly to initial binding to other moieties associated with TREM-1 or GP. To illuminate any direct binding of filovirus GP to TREM-1, Vero cells were infected with VRPs expressing MARV Ci67 GP or, as a control, NP. Vero cells expressing MARV Ci67 GP, Vero cells expressing NP, or mock-infected cells were incubated with or without TREM-1 Fc FP and subsequently stained with anti-TREM-1 PE antibody. The data revealed that while Vero cells expressing MARV NP (Fig. 8A) or mock-infected Vero cells (Fig. 8A) did not show significant binding to TREM-1 Fc FP, the majority of Vero cells expressing MARV GP bound to TREM-1 Fc FP as visualized by anti-TREM-1 antibodies (Fig. 8A) . By contrast, cells (GP, NP, or mock infected) which were not pretreated with TREM-1 Fc FP were not bound by anti-TREM-1 (Fig. 8B) . These data imply a direct binding of TREM-1 protein to GP expressed on Vero cells and thus may explain the activation of neutrophils, which express TREM-1 on their surfaces, upon exposure to filoviruses. In further support of direct binding, as shown in Fig. 8C , we found that TREM-1 Fc FP competitively inhibited the capacity of inactivated MARV Ci67 to engage and downregulate expression of TREM-1 on human neutrophils.
DISCUSSION
During MARV and EBOV infections in humans and nonhuman primates, poorly understood failures in the complex interrelationships between the innate immunity, adaptive immunity, and inflammation of the host responses result in extraordinarily high mortality rates. Here, we describe previously unknown and potentially important interactions between filoviruses and neutrophils, an abundant population of blood cells better known for their role in resistance to bacteria (32, 39) . The consequences of the interaction between filoviruses and neutrophils could be favorable or unfavorable to the host depending upon the stage of infection, the microenvironment in which the interaction occurs, and the interplay with other virus associated immune perturbances already described (1-3, 7, 13, 14, 16, 28, 38) . Within minutes of encountering MARV or EBOV, human neutrophils were observed to initiate a cascade of cellular events that included DAP12-transient phosphorylation, activation of ERK1/2, calcium influx, and shedding of soluble TREM-1. By 1 h (and more fully observable by 6 h), neutrophils released significant levels of primary cytokines (e.g., IL-1␤, TNF-␣, and IL-6), chemokines (e.g., IL-8 and MIP-1␣/␤), MPO, and lactoferrin but not IFN-␣, IL-17, IL-12, TGF-␤, or RANTES. Consistent with the rapidity of these responses, viral replication was nonessential; thus, inactivated MARV and EBOV were both effective in neutrophil activation. Differences between the effects of inactivated and live viruses were unremarkable, tending to be within expected and observed variations between experiments and among neutrophil donors. Initiation of these TREM-1 activation events is presumptively ascribed here to direct interaction between filoviral GPs and TREM-1, a 30-kDa glycoprotein expressed on the surfaces of mature neutrophils (10) .
The ligand or pattern recognized by TREM-1 is not yet known, but its association with inflammation and sepsis and its distribution on myeloid cells, including not only neutrophils but also CD14 high monocytes/macrophages and lung alveolar macrophages (10) , suggest a critical role in the regulation of inflammatory immune responses upon pathogen infection. Accordingly, it was previously reported (7) that neutrophils and monocytes incubated with heat-inactivated Staphylococcus aureus, Pseudomonas aeruginosa, lipoteichoic acid, and LPS (but not bacillus Calmette-Guérin) respond with significantly increased levels of TREM-1 on neutrophils, a finding we also observed with respect to neutrophils and LPS (data not shown). In contrast, we consistently observed a decrease in expression of TREM-1 in human neutrophils exposed to filoviruses, along with the previously described increase in soluble TREM-1 in neutrophil supernatants. While this partial discordance adds further credence to our efforts to eliminate LPS from all reagents used, it poses a question of whether the binding of filoviruses to neutrophils is qualitatively different from the binding of certain bacterial products. Nevertheless, in our experiments, neutrophils exposed to MARV or EBOV did respond with cytokine secretion profiles similar to those described previously for bacterial products (7, 10) .
Early in infection, we surmise that the proinflammatory burst of cytokines by neutrophils-localized and in response to a relatively small viral burden-may help augment innate and adaptive immune responses, which aligns in part with the reported coincidence (1, 2, 28) between early proinflammatory cytokine levels and patient survival in EBOV infection. However, if virus replication remains unchecked, neutrophils are soon confronted with high levels of virus-often 10 8 PFU/ml or higher in blood and organs of NHP (16, 23)-and the inflammation from widespread cytokine release may contribute to many of the symptoms observed. For context, the relationship between these results and other previous filovirus reports may be helpful. For example, it was reported that the soluble truncated form of EBOV GP called sGP, but not full-length GP that is found on virion and cell surfaces and is identical to sGP in the amino half of GP, reacted with neutrophils via CD16b, the neutrophil-specific form of Fc␥ receptor III (44) . Presuming the sGP-neutrophil observations are ultimately confirmed, they differ from this report which finds that sGP may be present in live EBOV supernatant preparations but is absent from purified virions and from MARV, where no homolog of sGP is known. Nevertheless, such data emphasize the fact that GP processing in filoviruses is complex, with soluble products emanating from incomplete establishment of disulfide linkage between the GP cleavage products GP1 and GP2 and by ectodomain cleavage and shedding (11) . A separate area of interest is the attempt by some to define a singular explanation for the profound virulence of filoviruses in primates. In this respect, the Reston species of EBOV is sometimes taken as a pivotal example because it is as lethal as other EBOV species in NHP but has caused only a few known human infections, none with serious disease. We found Reston ebolavirus to cause activation of TREM-1 on human neutrophils in a manner indistinguishable from MARV and EBOV Zaire . We note that Reston ebolavirus remains both a biosafety level 4 agent and a select agent precisely because there is little confidence in its nonvirulence for humans. More generally, we surmise that filovirus virulence will prove to be multifactorial, and we do not presuppose that the interactions between filoviruses and neutrophils are all that determine the outcome of infection.
We have documented here several new aspects of filovirus pathogenesis as they relate to the consequences of the encounter between filoviruses and neutrophils. The implications are relevant not only to the understanding of disease but to potential applications in both vaccination and therapy. If neutrophil participation proves important in the early communication between innate and adaptive responses to MARV and EBOV, it may be possible to improve the potency of existing vaccine candidates by regulated recruitment of neutrophils to the site of antigen delivery (35) . Similarly, the search for therapeutic interventions effective in the hours after filovirus exposure may now include consideration of neutrophils. Finally, it may prove fruitful to ameliorate filovirus disease by finding ways to dampen the initiation or effects of profuse neutrophil activation. In this respect, it is provocative that soluble TREM-1 and a peptide antagonist derived from TREM-1 both appear to interfere in vitro with filoviral activation of neutrophils. The peptide, shown previously to have therapeutic potential in a murine model of bacterial sepsis (7), signals the possibility of a common pathway that may be accessible to treatment. Thus, these and the many other efforts to understand the complexities of host responses during filoviral infection are rooted in the hypothesis that such data will have practical consequences in the development of medical countermeasures against MARV and EBOV. Here, we conclude that interactions between filoviruses and neutrophils may be part of the problem and also part of the solution.
